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Abstract – Nosema ceranae is a unicellular fungal parasite of honey bees and causes huge losses for apiculture.
Until present, no study on N . ceranae long non-coding RNAs (lncRNAs) was documented. Here, we sequenced
purified spores of N . ceranae using strand-specific library construction and high-throughput RNA sequencing
technologies. In total, 83 novel lncRNAs were predicted from N . ceranae spore samples, including lncRNAs, long
intergenic non-coding RNAs (lincRNAs), and sense lncRNAs. Moreover, these lncRNAs share similar character-
istics with those identified in mammals and plants, such as shorter length and fewer exon number and transcript
isoforms than protein-coding genes. Finally, the expression of 12 lncRNAswas confirmedwith RT-PCR, confirming
their true existence. To our knowledge, this is the first evidence of lncRNAs produced by a microsporidia species,
offering novel insights into basic biology such as regulation of gene expression of this widespread taxonomic group.
RNA-seq / long non-coding RNA /Nosema ceranae / honey bee
1. INTRODUCTION
Nosema ceranae is a unicellular fungal parasite
that infects midgut epithelial cells of honey bees
(Fries et al. 1996). N . ceranae spores germinate in
response to proper pH and ionic condition in the
midgut and inject the infective sporoplasm into the
host cells through extruded polar filament. Cell
cycle includes stages of meronts, sporonts, and
sporoblast (Bailey and Ball 1991). Infected cells
are filled with spores during the late stage of infec-
tion and the cell may burst to release the spores,
which could infect neighboring epithelia cells or be
expelled through feces to infect new honeybee in-
dividuals (Bailey and Ball 1991; Smith 2012).
N . ceranae was first described from colonies of
Apis cerana that were sympatric with Apis
mellifera colonies in China (Fries et al. 1996).
However, it is reported that a host switch from A .
cerana to A .mellifera occurred relatively recently
(Higes et al. 2006; Huang et al. 2007; Fries 2010).
N . ceranae is nowwidespread and can be found on
all continents where beekeeping is practiced (Chen
et al. 2008; Williams et al. 2008; Giersch et al.
2009; Invernizzi et al. 2009). N . ceranae has the
potential to dramatically reduce colony strength and
productivity (Botías et al. 2012). It can also interact
with other environmental stressors weakening col-
ony health (Alaux et al. 2010; Pettis et al. 2012).
Some studies showed that a close relationship may
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exist between N . ceranae and colony collapse
disorder (CCD), a disease causing serious honeybee
colony losses in the past several years in America,
Asia, and Europe (Coxfoster et al. 2007;
Bromenshenk et al. 2010).
In the past decade, an increasing number of
studies demonstrated that eukaryotic genomes en-
code a great amount of functional transcripts of
non-coding RNAs (ncRNAs) (Wilusz et al. 2009;
Yang et al. 2014). ncRNAs are arbitrary classified
into two types based on their sizes. One is small
RNAs, which are shorter than 200 nucleotides (nt),
including but not limited to microRNAs
(miRNAs), transfer RNAs (tRNAs), Piwi-
interacting RNAs (piRNAs), and small nucleolar
RNAs (snoRNAs). The other type is long non-
coding RNAs (lncRNAs), which are longer than
200 nt and lack protein-coding potential (Laurent
et al. 2015). LncRNA functions by acting on
protein-coding genes via the cis -acting element
and trans -acting factor (Zhang et al. 2017). Cur-
rently, lncRNAs have been found to play a critical
role during biological process including the regu-
lation of gene expression via chromatin modifica-
tion (Rinn et al. 2007; Gupta et al. 2010) or tran-
scriptional processing (Martianov et al. 2007;
Wang et al. 2008), and X-chromosome dosage
compensation (Chow et al. 2005), genomic im-
printing (Sleutels et al. 2012), epigenetic regulation
(Khalil et al. 2009), as well as cell pluripotency and
differentiation (Dinger et al. 2008). Transcription
from intergenic loci generates long intergenic non-
coding RNAs (lincRNAs) (Young et al. 2012). The
discovery of lncRNAs was largely impeded due to
their low expression levels (Bergmann and Spector
2014). RNA sequencing (RNA-seq) data are very
useful resources to identify lncRNAs (Wang et al.
2009). More than 9000 lincRNA genes were dis-
covered in the human genome (Xing et al. 2014;
Ganegoda et al. 2015; Xue et al. 2015), and many
lncRNAs were also found in mouse (Karlic et al.
2017), sheep (Bakhtiarizadeh et al. 2016), pig
(Zhou et al. 2014), chicken (Li et al. 2012), Anoph-
eles gambiae (Jenkins et al. 2015), andDrosophila
melanogaster (Young et al. 2012). However, very
little is known about ncRNAs in microsporidia
including N . ceranae at present. The genome of
N . ceranae (Cornman et al. 2009) was sequenced
and published in 2009, which greatly facilitates
molecular studies of this significant fungal parasite.
Recently, Huang and Evans (2016) identified six
microRNA-like small RNAs from N . ceranae by
using deep sequencing and RT-qPCR methods. In
the current study, we sequencedN . ceranae spores
using Illumina sequencing technology, identified
83 lncRNAs associated with this important fungal
pathogen of honey bee, and further confirmed the
existence of 12 lncRNAs via RT-PCR.
2. MATERIAL AND METHODS
2.1. N . ceranae spore purification
Apis mellifera ligustica workers infected with
N . ceranae were selected from an apiary in Fu-
zhou, Fujian province, China. The infected honey
bees were first kept in – 20 °C for 20 min to kill
them. Subsequently, fresh spores of N . ceranae
were isolated and purified following the method
described by Higes et al. (2007) and Cornman
et al. (2009) with some modifications. Briefly, mid-
guts of infected workers were removed and crushed
in sterile water and filtered with four-layer gauze to
remove tissue debris. The filtered suspension was
centrifuged at 8000 rpm for 5 min and the superna-
tant was discarded. The re-suspended pellet was
further purified on a discontinuous Percoll gradient
(Solarbio, China) consisting of 5mL each of 25, 50,
75, and 100% Percoll solution. The spore suspen-
sion was overlaid onto the gradient and centrifuged
at 14,000 rpm for 90 min at 4 °C. The spore pellet
was carefully extracted with a syringe followed by
centrifugation again on a discontinuous Percoll gra-
dient to obtain clean spores. Following the above-
mentioned method, three spore samples termed as
Nc-1, Nc-2, and Nc-3 were prepared. A bit of
spores were subjected to PCR identification and
confirmed to be mono-specific using previously
described primers (Chen et al. 2008). The cleaned
spores were frozen in liquid nitrogen and stored at
– 80 °C until RNA-seq and RT-PCR.
2.2. Deep sequencing
Total RNA of N . ceranae spore samples was
extracted using Trizol (Life Technologies Inc.,
USA) according to the manufacturer’s instruc-
tions, and checked via 1% agarose gel
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eletrophoresis. Subsequently, rRNAs were re-
moved using Ribo-Zero™ kit (Epicenter, USA)
to retain mRNAs and ncRNAs. The enriched
mRNAs and ncRNAs were fragmented into short
fragments by using divalent cations under elevat-
ed temperature in NEBNext reaction buffer (NEB,
USA) and reverse transcripted into cDNA with
random primers. Second-strand cDNAwere syn-
thesized by DNA polymerase I, RNase H, dNTP
(dUTP instead of dTTP), and second-strand syn-
thesis reaction buffer (NEB, USA). Next, the
cDNA fragments were purified with QiaQuick
PCR extraction kit (QIAGEN, Germany), end
repaired, poly (A) added, and ligated to Illumina
sequencing adapters. Then UNG (Uracil-N -
glycosylase) was used to digest the second-
strand cDNA. The digested products were size
selected by agarose gel electrophoresis, PCR am-
plified, and sequenced using Illumina HiSeq Xten
by Biomarker Technology Co. (Beijing, China).
Raw sequencing data have been uploaded to the
National Centre for Biotechnology Information
(NCBI) as Bioproject PRJNA395264.
2.3. Long non-coding RNA analysis
Raw data (raw reads) of fastq format were firstly
processed through in-house perl scripts. After re-
moving reads containing adapter, reads containing
ploy-N and low-quality reads from raw data, clean
data (clean reads) were obtained. Meanwhile, Q20,
Q30, GC-content, and sequence duplication level of
the clean data were calculated. All the downstream
analyses were based on clean data with high quality.
The transcriptome was assembled using the
StringTie based on the reads mapped to the reference
genome of N . ceranae (https://www.ncbi.nlm.nih.
gov/genome/?term=nosema%20ceranae). The as-
sembled transcripts were annotated using the
gffcompare program. The unknown transcripts were
used to screen for putative lncRNAs. Four computa-
tional approaches include CNCI (Sun et al. 2013),
CPC (Kong et al. 2007), Pfam (Finn et al. 2013), and
CAPT (Wang et al. 2013) were combined to sort
non-protein-coding RNA candidates from putative
protein-coding RNAs in the unknown transcripts.
Putative protein-coding RNAs were filtered out
using aminimum length and exon number threshold.
Transcripts with lengths more than 200 nt and have
more than two exons were selected as lncRNA
candidates and further screened using the above-
mentioned four software that have the power to
distinguish the protein-coding genes from the non-
coding genes. The different types of lncRNAs in-
cluding lincRNA, intronic lncRNA, and antisense
lncRNA were selected using cuffcompare. The de-
tailed flow of novel lncRNA prediction is presented
in Figure 1. StringTie (1.3.1) was used to calculate
FPKMs (fragments per kilobase of transcript per
million mapped reads) of both lncRNAs and
protein-coding genes in each sample. Gene FPKMs
were computed by summing the FPKMs of tran-
scripts in each gene group. FPKM means fragments
per kilo base of exon per million fragments mapped,
calculated based on the length of the fragments and
reads count mapped to this fragment.
2.4. RT-PCR validation
Total RNA of the above-mentioned purified N .
ceranae spores was isolated using the AxyPre
RNA extraction kit (Axygen, America), according
to the manufacturer’s instructions. Total RNA
recovered was immediately used to generate
first-strand cDNA using the PrimeScript cDNA
synthesis kit (TAKARA, China), according to the
manufacturer’s instructions. Resultant cDNA syn-
thesized were stored at – 20 °C.
To verify putative lncRNAs in N . ceranae
spores, 13 lncRNAs were selected for RT-PCR
assay. On the basis of sequences of lncRNAs
M S T R G . 3 3 6 0 . 2 , M S T R G . 5 3 3 4 . 1 ,
M S T R G . 5 1 0 7 . 2 , M S T R G . 3 3 6 0 . 1 ,
M S T R G . 4 1 0 6 . 1 , M S T R G . 2 9 8 6 . 2 ,
M S T R G . 1 8 0 2 . 2 , M S T R G . 6 5 1 2 . 1 ,
M S T R G . 5 0 1 5 . 1 , M S T R G . 6 6 5 4 . 2 ,
MSTRG.3636 .1 , MSTRG.3946 .1 , and
MSTRG.3946.2, the specific primers were de-
signed using DNAMAN (Lynnon Biosoft, Ameri-
ca) and synthesized by Sangon Biotech (Shanghai,
China) Co., Ltd. The primer sequences with suc-
cessful amplification were shown in Table I. PCR
was carried out on an T100 thermo cycler (BIO-
RAD, America) using Premix (TAKARA, China)
following the manufacturer’s protocol under the
conditions: pre-denaturation step at 94 °C for
5 min; 30 amplification cycles of denaturation at
94 °C for 50 s, annealing at 55 °C for 30 s, and
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Figure 1 The pipeline of novel lncRNA prediction. The purified N . ceranae spore samples were sequenced using
Illumna HiSeq technology. Raw reads were filtered to gain clean reads, which were used to assemble the
transcriptome. The assembled transcripts were annotated and the unknown ones were subjected to lncRNAs
screening. Transcripts with lengths more than 200 nt and FPKM ≥ 0.1 and have more than two exons were selected
as lncRNA candidates and further screened using a combination of CNCI, CPC, Pfam, and CAPTsoftware. Finally,
the various types of lncRNAs including lincRNA, sense lncRNA, and antisense lncRNAwere distinguished using
cuffcompare. Bi^ class is a union of transcripts within reference transcripts’ intron domain. Bj^ class is a union of
potential novel transcripts or transcript-derived fragments. Bx^ class is a union of transcripts owning intersection
between transcripts’ antisense strands. Bu^ class is a union of transcripts within reference transcripts’ intergenic
region. Bo^ class is a union of transcripts owning some intersection with reference transcripts’ exons.
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elongation at 72 °C for 1 min; followed by a final
elongation step at 72 °C for 10 min. The PCR
products were subjected to 1.5% agarose gel and
Genecolor (Gene-Bio, China) staining.
3. RESULTS
In this study, total RNA of purified N . ceranae
spores (Figure 2a) was extracted and checked via
Table I. Primers used in this study
Primer name Primer sequence Expected size of the PCR product (bp)
MSTRG.3360.2-F CACGAAAGAGTGGCAACCT 235
MSTRG.3360.2-R AGTTCCTCCTCACATTCCAA
MSTRG.5334.1-F CCATAAAGACTAAGACCTGCG 283
MSTRG.5334.1-R TGGAACAACAAGGGAACAC
MSTRG.5107.2-F GCTCCAATGGCAAGTTTG 762
MSTRG.5107.2-R CGAAGGAATGGGACAAGTA
MSTRG.3360.1-F ACACAAAGCACGAAAGAGTG 243
MSTRG.3360.1-R AGTTCCTCCTCACATTCCAA
MSTRG.4106.1-F TTGCGTTGTCCTGCTGAA 463
MSTRG.4106.1-R CGTTCCTAACCTATCATCATCG
MSTRG.2986.2-F GGGCGGTTGTTATGGAAGT 667
MSTRG.2986.2-R GCCGTTTACATTCGCTTACAC
MSTRG.1802.2-F CAGATGTATTGATGGGCTCC 152
MSTRG.1802.2-R AAGGTGGCGACCGATTAT
MSTRG.5015.1-F GGCTGCCACCAATCAGTTA 774
MSTRG.5015.1-R CGGCTACTACAAACGAAACG
MSTRG.6654.2-F GCAACAACTTCTGGTGTCTCT 143
MSTRG.6654.2-R GCTCTTATCATTTCTGGCACAG
MSTRG.3636.1-F AGCCTACTCTATCCCGTTTG 85
MSTRG.3636.1-R CGCACAAGCCTAAAGACAT
MSTRG.3946.1-F CGAAATGTTCAAGGCTGC 738
MSTRG.3946.1-R TGATGCTGTGGCTAAGACA
MSTRG.3946.2-F CGAAATGTTCAAGGCTGC 711
MSTRG.3946.2-R TGATGCTGTGGCTAAGACA
Figure 2 Agarose gel electrophoresis of the extracted RNA from purified N. ceranae spores. Spores of N . ceranae
were purified and examined under optical microscope (× 400) (a ). The total RNA of N . ceranae spores was
extracted and analyzed via agarose gel electrophoresis (b ). Lane 1 total RNA of Nc-1 sample. Lane 2 total RNA of
Nc-2 sample. Lane 3 total RNA of Nc-3 sample. Lane M 250 bp DNA ladder.
664 R. Guo et al.
agarose gel electrophoresis, the result showed
clear bands of 26S, 16S, and 5S rRNAs
(Figure 2b). In total, over 218.47 million raw
reads were produced from three cDNA libraries
of N . ceranae spores after removing adaptor se-
quences and low-quality reads (Table SI). For Nc-
1, Nc-2, and Nc-3, 107,123,113 (79.75%),
117,688,499 (78.84%), and 116,776,007
(76.15%) reads were mapped to the reference
genome of N . ceranae , respectively (Table SII).
A total of 83 lncRNAs were predicted with CNCI,
CPC, Pfam, and CAPT (Figure 3a), of which 59,
21, and 3 were antisense lncRNAs, lincRNAs,
and sense lncRNAs, respectively (Figure 3b). In-
triguingly, no intronic lncRNAwas observed.
LncRNAswere found to be shorter in length than
protein-coding genes inN . ceranae due to the lower
number of exons. About 60.24% of N . ceranae
lncRNAs have a length of 400 bp, which is nearly
three times the ratio of 19.63% detected in protein-
coding genes (Figure 4a, b). Consistent with their
counterparts in the mammals, N . ceranae lncRNAs
had fewer exons than protein-coding genes.Approx-
imately 85.54% of N . ceranae lncRNAs had only
two exons, which ismuch higher than those (3.87%)
observed in protein-coding genes (Figure 4c, d).
Then, 9.62% of lncRNA open reading frames
(ORFs) have a length of 100 bp, which is higher
than the ratio (2.14%) found in protein-coding genes
(Figure 4e, f). Interestingly, 88.49% of total ORFs of
lncRNAs have a length of 50bp (Figure 4e). In
addition, lncRNA loci possess fewer transcript iso-
forms than protein-coding mRNA loci (Figure 4g),
implying that lncRNAs are less complex than
protein-coding genes. Moreover, the expression lev-
el of each transcript was estimated and the result
showed the levels of lncRNAs are lower than those
of mRNAs (Figure 4h).
To verify the reliability of the predicted lncRNAs,
we randomly selected 13 lncRNAs (included in the
total predicted 83) for RT-PCR validation, and the
result displayed signal bands could be successfully
amplified from 12 lncRNAs (Figure 5), which indi-
cated that a high percentage of lncRNAs identified
in our study are reliable in terms of expression.
4. DISCUSSION
Though transcriptomic studies on honey bees in
response to N . ceranae challenge were previously
reported (Aufauvre et al., 2014; Badaoui et al.,
2017), however, omics researches on N . ceranae
are extremely limited. Thanks to the development
of high-throughput techniques, thousands of
lncRNA genes were identified from a variety of
species (Lee et al. 2012; Jalali et al. 2015). In recent
years, more and more studies indicated that
lncRNAs play key roles in biological processes
such as the regulation of gene expression
(Martianov et al. 2007; Rinn et al. 2007; Wang
et al. 2008; Gupta et al. 2010). To the best of our
knowledge, no study on microsporidia lncRNAs
Figure 3 Prediction of novel lncRNA of N . ceranae . a Venn analysis of the predicted novel lncRNAs from CNCI,
CPC, Pfam, and CAPT software. b Classification of the predicted novel lncRNAs.
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was reported until now. LncRNAs’ function in
microsporida including Nosema is largely un-
known at present. In the present study, in order to
investigate lncRNAs inN . ceranae , purified spores
of N . ceranae were sequenced using RNA-seq
technology. Based on a rigorous filtering criteria, a
total of 83 lncRNAs including antisense lncRNAs,
lincRNAs, and sense lncRNAs were predicted,
bridging the gap of N . ceranae lncRNA. These
lncRNAs share similar characteristics including
Figure 4 Structural feature and expression analysis of N . ceranae lncRNAs. a The length of lncRNAs. b The
length of protein coding genes. c The exon number of lncRNAs. d The exon number of protein coding genes. e The
ORF length of lncRNAs. f The ORF length of protein coding genes. g The alternatively spliced isoforms of
lncRNAs and protein coding genes. h The expression level of lncRNAs and protein coding genes.
Figure 5 RT-PCR validation of N . ceranae lncRNAs. Lane 1–13 different N . ceranae lncRNAs selected for
molecular identification. Lane 1 MSTRG.3360.2. Lane 2 MSTRG.5334.1. Lane 3 MSTRG.5107.2. Lane 4
MSTRG.3360.1. Lane 5 MSTRG.4106.1. Lane 6 MSTRG.2986.2. Lane 7 MSTRG.1802.2. Lane 9
MSTRG.5015.1. Lane 10 MSTRG.6654.2. Lane 11 MSTRG.3636.1. Lane 12 MSTRG.3946.1. Lane 13
MSTRG.3946.2. The specific PCR primers are displayed in Table I.
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shorter length and fewer exon number than protein-
coding genes with those identified in other species
(Trapnell et al. 2010; Xiao et al. 2015; Wang et al.
2016). Furthermore, we conducted RT-PCR assays
for 13 randomly selected lncRNAs and the expres-
sion of 12 lncRNAs was verified from N . ceranae
spore samples, suggesting the true existence of
majority of predicted lncRNAs. N . ceranae
lncRNAs identified in this study can provide some
reference information of importance for other
microsporidia species. To survive outside of the
host, microsporidia form environmentally resis-
tant spores that are protected by a thick two-
layered wall, and are capable of maintaining met-
abolic activity (Vavra and Larsson 1999).
Encephalitozoon cuniculi and Antonospora
locustae spores have been shown to possess tran-
scripts different from prokaryotic operons
(Williams et al. 2005. Corradi et al. 2008). Liu
et al. (2016) performed sequencing and analysis of
ungerminated and germinated spores of Nosema
bombycis using RNA-seq, respectively assem-
bled 2756 and 2690 unigenes based on more than
60 million transcript reads. In our study, over
218.47 million raw reads were generated from
three cDNA libraries ofN . ceranae spores, show-
ing transcriptional signals from dormant spores.
Once coming into contact with a host cell or
triggered by appropriate stimuli, the spores rapid-
ly evert the polar tube, throughwhich the infective
sporoplasm is transferred into the host cytoplasm
after penetrating the host cell membrane, and fol-
lowing entering the host cell, the parasite begins to
divide and proliferate (moronic stage) (Schottelius
et al. 2000). Because microsporidia spores are
resistance stages with very low cellular activity, it is
inferred that the number of lncRNAs in N . ceranae
meront is more than that in N . ceranae spore. One
way to identify lncRNAs inN . ceranae meront is to
carry out deep sequencing of N . ceranae -infected
honey bee gut and gain the transcriptome of N .
ceranae via filtering out host data.
Previously, DiMaria et al. (1996) characterized an
RNA homologous to U2 RNA and a single copy
gene encoding the RNA homolog in Vairimorpha
necatrix , which is the first report of ncRNAs identi-
fied in a microsporidia species. Fast’s group first
isolated and sequenced the genes encoding both
U6 and U2 snRNAs from the intracellularly
parasitic microsporidia Nosema locustae , and fur-
ther found both genes are expressed and both
RNAs are capable of being folded into secondary
structures typical of other known U6 and U2
snRNAs, demonstrating that U6 and U2 snRNAs
are likely to be functional components of an active
splicesome inN . locustae (Fast et al., 1998). More
recently, Belkorchia and colleagues developed a
dedicated in silico approach based on genome
prediction and transcriptome validation to survey
the presence of ncRNAs in the genomes of four
Encephal i tozoon species E . cunicul i ,
Encephalitozoon intestinalis , Encephalitozoon
hellem , and Encephalitozoon romaleae , and iden-
tified ten novel ncRNAs in the Encephalitozoon
spp., including nine snoRNA-like genes and one
U1 snRNA (Belkorchia et al. 2017). They further
investigated the genomes of three Nosema species
N . ceranae , Nosema apis , and N . bombycis , and
identified most of the above-mentioned ncRNAs in
Encephalitozoon spp. (Belkorchia et al. 2017).
However, the number of known ncRNAs in
micrsporidia is very limited, and no report of
lncRNAs in microsporidia was documented until
now. In the current study, for the first time, a total of
83 lncRNAs including lincRNAs, sense lncRNAs,
and antisense lncRNAs were detected in N .
ceranae spore, which enlarge the reservoir of
ncRNAs inmicrosporidia.Whether these lncRNAs
are shared with other microsporidia species needs
further investigation. Microsporidia genome is
highly reduced and compact (Peyretaillade et al.
2011; Corradi et al. 2010), and it is also found
intron poor (Lee et al. 2010; Peyretaillade et al.
2012). It is predicted that only 16 introns are within
15 genes in E . cuniculi genome (Katinka et al.
2001. Vivares et al. 2002), and there is no intron at
all in the genome of Enterocytozoon bieneusi
(Akiyoshi et al. 2009). N . ceranae genome has a
size of 7.86 M, which is predicted to have five
tRNA genes containing introns and six genes with
short introns (Cornman et al. 2009). Here, no
lncRNA generated from introns was found using
bioinformatics pipeline, which may partly due to
very limited introns in N . ceranae genome.
Taken together, using next-generation sequenc-
ing technology and bioinformatic method,
lncRNAs in N . ceranae spore were predicted, an-
alyzed, and identified in the current study. This is
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the first evidence of lncRNAs generated in N .
ceranae ; our findings provide novel insights into
basic biology involving this widespread fungal par-
asite of honeybee. In the future, more studies are
required to clarify the role of N . ceranae lncRNAs
in gene expression regulation and pathogenicity.
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